The first measurement of an elevated temperature of the target gas in a neutraliser cell, resulting from interaction with the beam, is reported. Effects unique to the beam-plasma system in the neutraliser are considered with particular reference to the relevance of the experimental spectroscopic analysis technique. The gas is found to reach temperatures up to 900K for operation with multimegawatt positive ion beams.
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ABSTRACT.
The first measurement of an elevated temperature of the target gas in a neutraliser cell, resulting from interaction with the beam, is reported. Effects unique to the beam-plasma system in the neutraliser are considered with particular reference to the relevance of the experimental spectroscopic analysis technique. The gas is found to reach temperatures up to 900K for operation with multimegawatt positive ion beams.
INTRODUCTION
High power Neutral Beam Injection Systems are commonly employed as additional plasma heating tools on magnetically confined fusion devices. The neutral beam is produced by charge exchange between a charged ion beam and a neutral target gas. It has long been acknowledged that, in practice, the neutralisation efficiency of positive ion beams falls below the theoretical limit and the cause of this has been attributed to either gas heating by the beam [1] or gas pump out to the walls of the neutraliser [2] . Although it is difficult to distinguish between the two effects experimentally, the significance of the former can be judged from a measurement of the translational temperature of the neutralising gas. It is important for the design of neutralisers, especially of positive ion derived neutral beams, to establish which effect is responsible for the neutralisation deficit. The increase of power delivered from a neutral beam system (and the consequent fusion plasma performance) is an important optimisation process for fusion heating systems.
Measurement of the translational gas temperature (hereafter referred to as "the gas temperature") by spectroscopic measurement of rotational-vibrational emission bands in diatomic molecules is a well-established technique [3] . The success of the measurement is dependent upon obtaining the correct relationship between the population distributions in the ground and excited states. For most low-pressure plasma applications the model can be relatively simple [4] . The neutraliser represents a different environment to most plasma sources: firstly the pressure is low, approximately 4µbar and secondly, the high energy ion beam (up to 130keV for the JET injectors) represents a possible source of excitation both directly and via the plasma created by ionisation of the target gas. The consequences of this unique beam-plasma-neutral gas system for application of the spectroscopic technique is addressed in Section 3, following the results of the temperature derivation.
EXPERIMENTAL TECHNIQUE
The measurement of the gas temperature from the emission spectrum of a group of rotationalvibrational lines in a diatomic molecule is well established. It is a particularly useful alternative to Doppler broadening measurements when high resolution instrumentation is not available.
Comparison of gas temperature derived by the two methods [4] has shown good agreement. The basic method usually involves the measurement of the intensities of a number of lines from rotational levels in a particular branch, the effective rotational temperature being obtained from a Boltzmann plot of the relative intensities [3] . This effective rotational temperature is then related to the rotational temperature in the ground state by means of a model that describes the relationship between the population distributions in the ground and excited state.
For hydrogen and its isotopes, the Fulcher • spectrum is a convenient candidate because it is in the visible part of the spectrum and is relatively free from interference by other emission lines. In particular the lines of the Q branch (no change in rotational quantum number) are well behaved and documented. For this reason the following discussion will be restricted to the Q branch, although it would apply equally to the P and R branches, provided the correct forms are used where applicable.
The work by de Graaf [5] gives a more general description.
The model is based on that described by de Graff [5] , in which the population distribution in the excited state is calculated from an assumed Boltzmann distribution in the ground state. The model assumes a number of conditions that are generally satisfied in normal plasmas but which require justification in the unique environment of the neutraliser; these are addressed in Section 3. As the details of the model are fully described in [5] , only the final equations used for the calculation of the population densities will be given here.
A more sophisticated Collisional-Radiative (C-R) model developed by Wünderlich et.al. [6, 7] has also been used to derive the population density distributions of various states of the hydrogen molecule. Unfortunately this model, like many C-R models, does not resolve the n = 3 state or the rotational levels, so for the purpose of this analysis cannot be used. It does, however, provide some useful insight into some of the processes involved in the population of the d 3 Π u -state and provides indications for improvement of the de Graaf corona model.
THE CORONA MODEL
Description of the Model
The corona model assumes a steady state balance between collisional excitation from the ground state X 1 Σ g + of the hydrogen molecule to the excited state d 3 Π u , followed by radiative decay to the a 3 Σ g + state. The spectroscopic measurements used the Q branch of the Fulcher α spectrum, which originates from the level and the d 3 Π u -following discussion refers only to this state. The model makes the following assumptions:
(i) The electronic states are in corona equilibrium, i.e. all excitation is by electron collision and all de-excitation is by radiative transition
(ii) The ground state rotational levels are described by a Boltzmann distribution with the same temperature as the Maxwellian velocity distribution of the gas molecules. Under steady state conditions the balance equation for a ro-vibrational level in the d 3 Π u -is
(1)
where n e is the electron density, n is the density of a given ro-vibrational level, v is the vibrational quantum number, K is the rotational quantum number, κ is the total excitation coefficient (electronic, vibrational and rotational), A is the transition probability, the superscript 0 refers to the ground state X 1 Σ g + , the prime superscript refers to the excited state d 3 Π u -, the double prime superscript refers to the excited state a a 3 Σ g + .
The total excitation coefficient can be separated into three parts pertaining to the rotational, vibrational and electronic excitation (2) where R K 0 K ,are the matrix elements for the rotational excitation and are tabulated in [5] , q v 0 v are the Franck-Condon factors, σ is the electronic excitation cross section, f e the Maxwellian electron energy distribution function, E th is the threshold energy for electron excitation.
The transition probability, A, can similarly be divided into rotational, vibrational and electronic parts, thus:
where S K′K′′ is the Hönl-London factor. 
∆E vib is the difference in vibrational energy between the levels, 
where J = K + S, with S being the electron spin and the transition probability A n ′ , has been expanded in terms of the radiation frequency, v, and the transition moment R n′′ . In the case of the Fulcher α spectrum the splitting due to S is very weak and for practical purposes J = K. Thus dividing the transition probability into electronic, vibrational and rotational parts as in equation (3) and employing the fact that for hydrogen (pure Hund's case (b) coupling) the Hönl-London factor for the Q branch of the rotational spectrum is [5] : (8) gives: (9) The d 3 Π u -level can only be populated from the ground state by transitions for which ∆K is even and applying this selection rule to equation (9) , the relative intensities of the Q branch of the Fulcher α spectrum can be calculated for an assumed population distribution in the ground state, characterised by a gas temperature, T. To do so requires knowledge of the vibrational temperature, T vib and the electron temperature in the neutraliser plasma. The latter was obtained from Langmuir probe measurements close to the wall of the neutraliser (Section 2.2.1) and the method of obtaining T vib is described in Section 2.3.1 below.
Applicability of the Corona Model
For the corona model to be applicable to the molecular system, collisional (de-) excitation from the d 3 Π u -level to neighbouring levels must be negligible. The criterion under which this is satisfied for excited levels in atomic hydrogen-like atoms was summarised by Van der Mullen [8] . An effective principal quantum number, p, of a state is defined by 
where Z is the charge number of the nucleus, R y is the Rydberg constant and E pi is the ionisation energy from level p. For the d 3 Π u -level E pi = 1.6eV, Z = 1 and R y = 13.6eV, thus p = 2.9. Assuming that this approach can be extended to the hydrogen molecule, a critical level, pc, below which the corona phase is valid, can be approximated by [8] (11)
The plasma density in the neutraliser is typically 10 16 m -3 , giving p c = 7.7, thus it is reasonable to assume that the corona model can be applied to the Fulcher α system.
SPECTROSCOPIC AND PLASMA EXPERIMENTAL MEASUREMENTS
The experimental measurements were performed on the Neutral Beam Test Bed at JET [9] using the upgrade Positive Ion Injector (PINI) [10] , which can operate at beam energies up to 130keV
and beam currents up to 60A. The specific values of beam energy and current depend upon the ion species (hydrogen and deuterium in this case) and the operational requirement to remain close to perveance match conditions of the accelerator. In hydrogen, the maximum beam current of 60A
(limited by the power supply) is achieved at ~90keV beam energy, whilst in deuterium the maximum current is obtained at 130keV.
The experimental system is shown schematically in Figure 1 . Gas is introduced into the ion source and neutraliser (in this case the same gas was introduced to both) prior to extraction of the beam, to allow the gas sufficient time to reach a stable pressure in the source and neutraliser. An arc is formed in the ion source and the positive ion is beam extracted by the accelerating grids. The beam enters the neutraliser, where a percentage of the positive ions are converted into neutral species, depending upon the gas target density and the ion energy. The majority of the beam ions are protons or deuterons, the fraction varying from 74% in hydrogen at low power to 91% in deuterium at high power, the balance being H 2 + and H 3 + (or their deuteronic equivalents). The neutraliser is in two stages, formed essentially from electrically grounded copper boxes of approximate dimensions width 200mm, height 450mm and length 900mm. The Langmuir probes and the fibre optic cables and windows for the spectroscopic measurements were introduced between the two neutraliser stages by means of a circular diagnostic flange of 200mm internal diameter.
Langmuir Probe Measurements
Two planar Langmuir probes were used to measure the parameters of the plasma formed by ionisation of the neutraliser gas by the beam. The probes were planar, graphite tips of 4mm radius, enclosed in a boron nitride sleeve mounted on a retractable stainless steel shaft. A 30Hz bias voltage between ±80V
with respect to ground was applied to the probes and current and voltage were logged by a data acquisition system at a rate of 20kHz. Thus approximately 100 probe characteristics of approximately 700 data points were obtained for a typical 3s beam pulse. Standard planar probe theory was used to n e p c = 9 × 10 23 m - 3 9 analyse the probe traces and determine the electron density, ne, and electron temperature, Te of the plasma. (Other plasma parameters were also obtained, but are not of relevance here [11] ).
The plasma electron density and electron temperature are shown in Figure 2 as a function of beam power for both hydrogen and deuterium beams. The hydrogen data is limited to a maximum beam power of 4MW by the current rating of the power supply and both electron temperature and density show a steady increase with beam power. The deuterium data continues to 7.5MW beam power, again limited by the power supply. The data shows a steady increase in both parameters up to approximately 4MW beam power, whereupon the density saturates and the electron temperature continues to increase. This implies a change in the coupling mechanism for energy transfer between the beam and the plasma. This has yet to be explored in terms of a plasma model. Figure 3 shows equivalent plots as functions of the gas flow to the neutraliser (gas flow is used as the variable rather than pressure because of the uncertainty of determining the latter in the neutraliser itself). Here the electron temperature and density show opposing dependencies: the electron temperature decreases as the density increases as in a standard plasma source. (Note that for zero gas flow into the neutraliser, gas is still present in the neutraliser cell as a result of flow from the ion source chamber via the accelerator grids).
The values of electron temperature and density measured here differ from those calculated by Ott for the W7AS and ASDEX injectors [12] . The dimensions of the ASDEX Upgrade neutraliser most closely resemble those of JET, although direct comparison is difficult due to the different beam perveances and an imperfect knowledge of the neutral gas density. Comparing results at the same beam energy of 50keV (to eliminate cross section variation) and assuming a neutral gas density of the order 5 × 10 19 m -3 , the Ott model gives T e ~3.5eV and n e ~8 × 10 16 m -3 for hydrogen.
The measurements in the JET neutraliser give T e ~7eV and n e ~2 × 10 15 m -3 for the same conditions.
The differences can be accounted for to some extent by the higher beam current in the ASDEX neutraliser: 85A compared to 15A at JET. However, the model of [12] assumes that the wall of the neutraliser is floating hence the ion and electron currents flowing to it are equal. In fact the neutraliser plasma must adjust its potential with respect to the wall to expel a positive ion current equivalent to the flux due to charge exchange of the beam. Thus higher plasma potentials and hence electron temperatures would be expected. The lower electron density in the JET neutraliser follows as a consequence of higher electron temperature and lower beam current.
Spectroscopic Measurements
The optical fibre(s) for the spectral measurements were mounted on two side ports (diameter 63mm × 50mm) of the diagnostic flange terminated with Crown Glass windows. The first port viewed the plasma along an axis perpendicular to the beam axis at the vertical mid-plane of the neutraliser giving an optical path length of ~600mm across the plasma of dimension ~200mm. The second port was mounted at an angle of 50 0 to the first, viewing the plasma diagonally across its dimension of ~310mm. Only the first port was used for the measurements in hydrogen.
The spectra were recorded on a 0.5m Czerny -Turner mounted spectrometer (with 1800 gr/mm grating and 70m slit width) that is normally used for Doppler shifted spectroscopy of the neutral beam [13] ,. The spectra were recorded in a time-resolved mode, with integration times of 250ms (hydrogen) and 500ms (deuterium). The intensities of the spectral lines in fact proved to be constant with time but this method proved convenient for collecting data simultaneously from both fibres.
Preliminary measurements were made on the Q branch from four vibrational levels Q(0-0) to Q(3-3). Signal to noise ratios showed that the Q(0-0) branch to be the most favourable, although it is acknowledged that the Q(2-2) branch is normally adopted by most workers and this point will be discussed in more detail in Section 3 below. Only one line in the hydrogen spectrum proved to have an unresolved interference -K=2 in the Q(1-1) branch (612.725nm), which is disturbed by the P (4) line of wavelength 612.734nm -this line was not used in the derivation of the temperature. The analysis of the spectra was performed using software which provides a gaussian fit to the selected line and calculates peak height and error, 1/e line width and error and integrated area with background subtraction. The errors in the peak height and line width were used to weight the integrated area measurements for the temperature calculation.
Spectra were recorded for a range of beam powers and neutraliser gas flow rates (at constant source gas flow) for both hydrogen and deuterium beams. A restricted number of beam energy measurements at constant beam current were also made for hydrogen, the dynamic range being From the corona model and equations (4) and (5), the population density of a vibrational level in thed 3 Π u -state can be related to the ground state by: [5] . Explicitly (14) For the data in Figure 4 , equation (14) was used to calculate the distribution between the vibrational levels v′ = 0…3, as a function of vibrational temperature, T vib , for an electron temperature corresponding to the measured value. The Franck-Condon factors were taken from Fantz and Heger [14] . 
CALCULATION OF THE GAS TEMPERATURE
ESTIMATION OF THE VIBRATIONAL TEMPERATURE
(12) f v (v ′ ) ∝ Σ q v′v 0 f v (v 0 )e -
Calculation of the Gas Temperature
Having estimated the vibrational temperature and with knowledge of the electron temperature, equation (4) can be used to calculate the distribution in the rotational population of the d 3 Π u -state.
(The calculation is relatively insensitive to T vib and T e , so it was not deemed necessary to measure the former at more than one value of beam power and gas flow). The calculation included ground state rotational levels up to K 0 = 6 and vibrational levels up to v 0 = 5. Unlike de Graaf, who imposed a selection rule ∆K = 0, the calculation here includes rotational transitions with ∆K ≤ 4, ∆K even. The change in rotation during direct excitation of hydrogen is well known [17] and its inclusion in the model is desirable because of the large populations in the lower K levels of the ground state, which provide a significant contribution to the higher K levels in the d 3 Π u -state despite the small values of the matrix coefficients K K 0 K′ . The calculated intensities were normalised to the K=1 line for hydrogen and K=2 line for deuterium.
The normalised, weighted measured intensities were then compared to the values calculated as a function of ground state temperature to obtain the temperature giving minimum error for a chosen number of rotational levels from K′ = 1...5. In most cases all five rotational levels were used but occasionally, particularly at low beam powers or neutraliser gas flow (when the intensities are weakest) the K = 5 or K = 4 line was omitted from the calculation. graphs are plotted on the same scale, demonstrating that the increase in gas temperature is primarily driven by beam current, not beam energy.
Comparison with the Ott model shows the measured gas temperature for 50keV beam energy to be approximately one half of that predicted for the ASDEX Upgrade neutraliser [12] . Again this is probably due to the higher beam current in the ASDEX system. Both Figs 6 & 7 show temperatures from the off axis deuterium measurements that are approximately 15% lower than those derived from the on axis measurement. This difference is a similar order to the estimated error in the temperature measurement based upon the resolution of the instrument. It cannot be definitely concluded therefore that the difference is indicative of a temperature gradient, although the fact that the difference is systematic rather random implies such an interpretation.
APPLICABILITY OF THE MODEL TO THE NEUTRALISER SYSTEM
The application of this technique requires the following conditions to be satisfied: iii). De-population of the excited state is only by radiative transition to the a 3 Σ g + state.
Assumptions (ii) and (iii) are explicit in the model of [5] and constitute the coronal phase plasma.
In most applications where the pressure is of the order of tens of microbar, such as in a plasma source, these assumptions are taken to be valid. In the neutraliser, however, the pressure is typically 2µbar to 5µbar and there exists two possible sources of excitation -the plasma created by the ion beam and the beam ions themselves. We now consider each of the assumptions above in turn with reference to the neutraliser.
EQUIVALENCE OF BOLTZMANN AND MAXWELLIAN TEMPERATURES
Gas Collisions
The mechanism for establishing a Boltzmann distribution of the rotational levels in the ground state is inelastic collisions between molecules. For a homonuclear molecule, where transitions between neighbouring rotational levels are forbidden, the temperatures characterising the Boltzmann distribution and the Maxwellian distribution are equal under the following condition [18] 1 : (15) where E K is the energy of the ground state rotational level with rotational quantum number K, B is the rotational constant of the ground state, T is the Boltzmann or Maxwellian temperature. Equation (15) defines a critical level, Kc, above which the rotational levels may not be in equilibrium with the translational degree of freedom:
(16) Table 1 gives the temperatures at which the rotational levels K = 0 to 5 reach equilibrium for hydrogen and deuterium. Note that for deuterium equation (15) is satisfied at relatively modest gas temperatures, whereas hydrogen requires much higher values.
The beam also generates plasma as it passes through the neutraliser and it is known that protons are efficient in exciting rotational states [19] at the typical energies that might be expected in the plasma i.e. 0.1 -1eV. However, even by assuming that the plasma is entirely dissociated, taking the plasma and cold gas densities and the cross sections in [19] , the excitation rate is less than 1% of that due to collisions between neutral molecules.
Wall Collisions
The effects of collisions with the walls can be significant if the mean free path, λ g , of the neutral gas is of a similar order to the system dimension, L. For the neutraliser, λ g ~ 30mm compared to a minimum system dimension of ~100mm. Lavrov [20] has reported that, under similar conditions, the ground state can still exhibit a Boltzmann distribution but with a temperature in equilibrium with that of the walls [20] . In fact if the distribution of mean free paths is taken into account the number of molecules with a path exceeding L after their last collision is given by: (17) or approximately 4% of molecules. It is therefore unlikely that the bulk neutraliser gas would be in equilibrium with the neutraliser wall. That this is so is confirmed by estimating the wall temperature from the results of calorimetry of the neutraliser cooling water which gives the power flux to the two stages of the neutraliser. (The measured power to the first neutraliser stage also includes power deposited on the earthed grid of the injector but this will be ignored for the purposes of the calculation). Table 2 gives the wall surface area, maximum power and estimated surface temperature for both stages of the neutraliser. Operational limits to the beam dump require that the beam pulse
( ( λg length be reduced as the beam power is increased. As a result, the maximum power deposited on the neutraliser always occurs at beam pulse lengths of t = 4s for both hydrogen and deuterium operation.
The rise in surface temperature of the wall was estimated from the one dimensional equation for a parallelepiped bounded at x = 0 and x = d with constant heat flux at x=d and zero heat flux across x = 0, given by Carslaw and Jaeger [21] ( 18) where P is the beam power, A is the surface area of the neutraliser wall, ρ, s and K are respectively the density, the specific heat capacity and the thermal conductivity of the wall material, ρ = K/ρs . As can be seen from Table 3 , the measured gas temperatures exceed the estimated wall temperature approximately by a factor of two, implying that the gas is not in equilibrium with the neutraliser walls.
There is one further consideration -the effect of wall collisions on the excited distribution. In this case perturbations to the distribution in the excited level are negligible if [20] : (19) where L is again the characteristic system dimension, τ K′ is the lifetime of the excited state (40ns for d 3 Π u -) and M is the molecular weight of the gas of temperature, T. For T=300K to 1000K, the right hand side of equation (19) varies from 73µs to 40µs, so that wall collisions do not perturb the excited level.
POPULATION OF THE EXCITED STATE ONLY BY ELECTRON COLLISION
There are three channels by which this assumption may be violated: excitation from the ground state by beam ions, population of the d 3 Π u -state by excitation from lower lying levels and population of the d 3 Π u -state by cascade from higher levels. These are discussed individually below.
Excitation from the Ground State by Beam Ions
There seems to be no direct measurement of the excitation cross section of the d 3 Π u -state for high energy incident protons but using the observation [22] that at sufficiently high energy electrons and protons of the same velocity should exhibit the same excitation cross section, the proton excitation cross section can be estimated. Two effective excitation rates were defined: the electron rate R e for a Maxwellian distribution characterised by a temperature T e with density ne and the beam ion rate, R b , for monoenergetic protons (deuterons) of density n b . For a given beam power, the electron temperature and density are known from the Langmuir probe measurements The electron excitation cross section, σ(E), measured by Möhlmann and de Heer [23] , was fitted by a sixth order Chebyshev polynomial to allow integration over the Maxwellian distribution from the energy E max ( = 15.6eV),
at which the cross section has a maximum value, to infinity. This lower limit was selected because lack of data between it and the threshold energy of ~14.02eV prevented fitting to this portion of the curve; the error is negligible. Thus the electron rate R e is: (20) where E and T e are in eV.
The beam ion rate is then obtained from:
where σ(Um e /m b ) is the electron excitation cross section at an electron velocity equivalent to the beam ion velocity, U is the beam extraction voltage, me the electron mass and mb the beam ion mass.
The ratio of these two rates, Rb/Re, is plotted as a function of beam energy for protons and deuterons in Figure 8 . For all but the lowest beam energies, the ion rate is several orders of magnitude lower than the electron rate. At low beam energies the species ratio in the beam tends to a lower fraction of protons (as described in Section 2.2) and this will increase the beam rate but by less than 10%.
Excitation from Lower Electronic Levels
The collisional radiative model due to Fantz, et al. [15] , includes a calculation of the percentage of the population of all the n = 3 states arising from excitation from the c ), the fraction given in [15] varies from 10% to 30%, compared to population arising from excitation from the ground state, which varies from 60% -40%. (The balance is primarily due to population from higher lying levels; see also Section 3.2.3). Unfortunately, without access to the correct Franck-Condon and R K′K′′ values, this contribution cannot be factored into the de Graaf model used here and is noted merely for completeness. 
Population by Cascade
DE-EXCITATION ONLY BY RADIATIVE TRANSITION
Quenching, or collisional de-excitation, of the d 3 Π u -level can occur and its effect on the population of the level can be described by [15] : (23) where ∆N q is the fractional change in population due to quenching with a rate coefficient Sq, • is the lifetime of the level (40ns for d
and Ng is the neutral gas density. Fantz [15] gives the rate coefficient as 4 × 10 -15 m 3 s -1 . Substitution of typical values of N g gives ∆N q ~2%, which is expected for the relatively low (cold) gas pressures in the neutraliser, and from the criterion of Van der Mullen discussed in Section 2.2
THE Q(0-0) BAND
It is generally held that the Q(2-2) branch is the preferred part of the Fulcher • spectrum for temperature measurement. The main reason for this seems to be the observation by Bogdanova et. al. [25] that this band is least affected by transitions from the ground state invloving a change in rotation. If the gas temperature is to be derived from either a Boltzmann plot or by the Lavrov method [4] then use of the Q(2-2) branch is a wise precaution. The model used here, based on de Graaf [5] , includes the effect of a change in rotation in the calculation of the population densities of the excited state through the R K 0 K′ matrix, so that, strictly speaking, the adiabatic approximation is not applied.
It was anticipated that measurements would be performed under conditions where the spectra would be weak (e.g. with zero gas flow into the neutraliser), so that signal-to-noise ratio would be important. Furthermore, the hydrogen Q(2-2) K=1 line (622.48nm) can be disturbed by another line at a wavelength of 622.50nm, which would not be resolved by the spectrometer. For these reasons the Q(0-0) band was selected as most favourable and this is not without precedent [5] .
CONCLUSION
The first attempt to directly measure the translational temperature of the gas in a beam neutraliser has shown gas heating to be a credible mechanism for the loss of neutraliser target density. For the purpose of improving the neutralisation efficiency, it is necessary to understand the contribution to the gas heating from several sources, which this work does not address. In addition, the effect of the increased temperature on the gas flow through the system may also be a significant factor. These matters will be the subject of subsequent publications. 
